Studies of intravenous
self-administration and psychomotor effects of drugs have recently suggested that stress-induced corticosterone secretion may be an important factor determining vulnerability to drugs of abuse. In this report, we studied if basal physiological corticosterone secretion modulates sensitivity to cocaine and morphine, and if changes in the reactivity of mesolimbic dopaminergic (DA) neurons, one of the principal substrates of drug-reinforcing effects, are involved. For this purpose we determined the psychomotor effects of these drugs in animals in which corticosterone secretion was suppressed by adrenalectomy and in adrenalectomized animals submitted to different corticosterone replacement therapies designed to mimic (1) only the diurnal levels of the hormone, obtained by the subcutaneous implantation of 50 mg corticosterone pellets; (2) only the nocturnal levels, obtained by adding corticosterone (50 pg/ml) to the drinking solution during the dark period; and (3) the entire circadian fluctuation, obtained by combining the two previous treatments.
Locomotor response to cocaine and morphine was studied after both systemic and central injections, into the nucleus accumbens for cocaine and into the ventral tegmental area for morphine. These sites were chosen because stimulant effects of cocaine and morphine injected in these structures are dopamine dependent. Our results show that suppression of corticosterone by adrenalectomy reduced the locomotor response to cocaine and morphine, injected both systemically and centrally. The reinstatement of diurnal levels of corticosterone totally reversed adrenalectomy's effects on the behavioral response to cocaine, whereas the reestablishment of the entire corticosterone circadian fluctuation (diurnal plus nocturnal levels) was necessary to reverse the response to morphine.
In conclusion, our results indicate that physiological corticosterone secretion facilitates dopamine-mediated locomotor effects of cocaine and morphine. Since stimulant effects and activation of DA mesencephalic neurons by these drugs are related to their reinforcing properties, an interaction between corticosterone and dopamine may be part of the pathophysiological mechanism underlying vulnerability to drug abuse.
Individual predisposition (De Wit et al., 1986; O'Brien et al., 1986) and life experiences (Piazza et al., 1991 b) are two important factors influencing the development of drug addiction. Experimental studies have shown that although a higher vulnerability to drug intake is spontaneously observed in certain individuals, it can also be induced by life events and, in particular, by stress. For example, in the rat, only some subjects spontaneously develop amphetamine self-administration (Piazza et al., 1989 (Piazza et al., , 1990b , whereas this behavior is enhanced by conditions such as social isolation (Alexander et al., 1978; Hadaway et al., 1979; Schenk et al., 1987; Bozarth et al., 1989) , competition in the colony (Maccari et al., 199 l) , immobilization (Deroche et al., 1992b; Shaham et al., 1992) repeated tail pinch (Piazza et al., 1990a) , and prenatal stress (Deminiere et al., 1992) . Individual vulnerability and stress-induced predisposition to drug intake are associated with an enhanced locomotor response to psychostimulants, opioids, and novelty (Piazza et al., 1989 (Piazza et al., , 1990a Hooks et al., 1991; Deroche et al., 1992a) , as shown also by the increase in addictive properties of drugs observed when the locomotor effects of psychostimulants and opioids are sensitized (Lett, 1989; Piazza et al., 1990a; Gaiardi et al., 199 1; Horger et al., 199 1) by their repeated injections (for review, see Robinson and Becker, 1986; Kalivas and Stewart, 1991) .
Several data have recently suggested that stress-induced corticosterone secretion may be an important factor determining both individual and stress-induced vulnerability to drug effects. First, predisposition to drug intake, spontaneously present in certain individuals or induced by stress in others, is associated with a longer-lasting corticosterone secretion in response to stress (Piazza et al., 199 la) . Second, the administration of corticosterone, in the range of stress-induced levels, before self-administration increases the reinforcing properties of amphetamine (Piazza et al., 199 la) . Third, suppression of stress-induced corticosterone secretion abolishes the sensitization to the psychomotor effects of morphine and amphetamine induced by stress (Deroche et al., 1992b (Deroche et al., , 1993 whereas repeated corticosterone administration, like repeated stress, sensitizes the locomotor response to amphetamine (Deroche et al., 1992a) .
In this report, two main questions were addressed. First, may basal physiological corticosterone secretion, similarly to what has been observed for stress-induced secretion (Deroche et al., 1992a,b) , modulate the behavioral sensitivity to the two main classes of drugs of abuse, psychostimulants and opioids? Second, is the influence of corticosterone on drug effects exerted through changes in the reactivity of mesolimbic dopaminergic (DA) neurons, one of the principal substrates of drug-reinforcing effects (for review, see Fibiger and Phillips, 1988; Koob and Bloom, rodents, plasma concentrations of this hormone are low and 1988; Wise and Rompre, 1989; Le Moal and Simon, 1991) ?
In order to answer these questions, we studied the locomotor response to the psychostimulant cocaine and to the opioid morphine. The two drugs were injected both systemically and centrally into the nucleus accumbens for cocaine and into the ventral tegmental area (VTA) for morphine. These sites were chosen because locomotor effects of cocaine (Kelly and Iversen, 1976; Delfs et al., 1990) and morphine (Joyce and Iversen, 1979; Kalivas et al., 1983; Vezina and Stewart, 1984) injected into these structures are donamine denendent. Locomotor activitv was investigated in animals completely lacking corticosterone or submitted to specific treatments designed to mimic the different phases of basal physiological corticosterone secretion. In costerone replacement therapy was intended to imitate the complete circadian rhythm of the hormone and thus combined the two above Dkgs hnd dr& administration.
Corticosterone 21-hemisuccinate described treatments. Adrenalectomized animals in this group (circadian fluctuation group) were subcutaneously implanted with the corticosterone pellet and received the corticosterone-enriched solution during the dark period. Adrenalectomized animals that did not receive any replacement therapy constituted the ADX group. Control animals (sham group) underwent the same surgical procedure as the ADX animals except that the adrenals were not removed. Stereotaxic implantation. Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed in a stereotaxic apparatus (Kopf Instruments) with incisor bar 5.0 mm above the interaural line. Chronic bilateral guide cannulas (23 gauge stainless steel) positioned 2 mm above the final injection site were implanted according to the stereotaxic atlas of Pellegrino et al. (1979) . The guide cannulas were secured in place with the use of stainless steel screws and dental cement. Removable 30 gauge stainless steel stylets were inserted in the guide cannulas to prevent clogging between treatments. The stereotaxic coordinates relative to bregma were AP +3.7, L f 1.6, and V -5.8 from the skull for the nucleus accumbens and AP -3.2, L &OS, and V -5.7 for the VTA. At the end of the experiments, cannula placements were verified histoloaicallv on 100 u thionin-stained coronal sections. relativelyconstant during the diurnal period, which corresponds to the inactive period of these species, and rise to reach a peak during the first nocturnal hours (Akana et al., 1986) . Three specific corticosterone substitutive therapies were used in order to reproduce (1) diurnal levels of the hormone, (2) nocturnal levels, or (3) the entire circadian fluctuation. The efficiency of these replacement therapies in mimicking the different phases of corticosterone physiological secretion was tested in the first experiment of this report.
Materials and Methods
Subjects. Male Sprague-Dawley rats (Iffa-Credo, Lyon, France) weighing 280-300 gm were used. Animals were individually housed with ad libitum access to food and water. A constant light/dark cycle (lights on from 6 A.M. to 8 P.M.) was maintained in the animal room, and temperature (22°C) and humidity (60%) were kept constant. Animals were allowed at least 1 week of habituation to the animal room before starting experiments.
General methods
Locomotor activity and constitution of experimental groups. Locomotor activity was measured in a circular corridor (10 cm wide and 70 cm in diameter). Four photoelectric cells placed at the perpendicular axis of this apparatus automatically recorded locomotion. Since it has been previously shown that locomotor response to novelty is correlated to sensitivity to the psychomotor effects of drugs (Piazza et al., 1989, 199 1 b; Hooks et al., 199 l) , we ensured a homogeneous distribution of this factor throughout the different experimental groups. For this purpose, 1 d prior to being submitted to the surgery used for the different corticosterone replacement therapies, all animals were tested for their locomotor response to novelty. Hence, rats were placed in the circular corridor between 4 and 6 P.M. and evenly distributed among the different experimental groups according to their activity score cumulated over the 2 hr of testing.
Adrenalectomy and corticosterone replacement therapies. Adrenalectomy was performed between 8 and 10 A.M. under ether anaesthesia via the dorsal approach. Following surgery, NaCl (0.9%) was added to the drinking water. Some of the adrenalectomized animals received one of three different corticosterone replacement therapies. The first replacement therapy was designed to mimic the basal diurnal levels of corticosterone. Thus, adrenalectomized animals in this group (diurnal levels group) were implanted with a subcutaneous solid pellet of corticosterone designed to provide a constant release of the hormone in the range of the diurnal basal levels. Such pellets contained 50 mg of corticosterone, adjusted to 100 mg with cholesterol (Meyer et al., 1979) . The second corticosterone replacement therapy was used to reproduce the nocturnal levels of the hormone (nocturnal levels group). This was obtained by adding, from 7 P.M. to 8 A.M., corticosterone (50 rglml) to the drinking solution of adrenalectomized animals. The third corti-(Agrar, Italy) was used for all experiments. Cocaine.HCl and morphine sulfate were used for both systemic and intracerebral injections. Concentrations ofcorticosterone and morphine are expressed as base. Drugs for systemic administration were dissolved in sterile 0.9% NaCl solution and injected subcutaneously in a 1 ml/kg volume at the doses of 15 mg/ kg for cocaine and 2 mg/kg for morphine. Drugs for central administration were dissolved in a vehicle solution reproducing the electrolvtic content of cerebrospinal fluid and containing 125 rn; NaCl, 1.2 &IM CaCl,. 2.7 mM KCl. 1.0 mM MaCl,. and buffered with 0.2 mM of Na,HPO,/NaH,PO, at pH 7.4. C&t& injections for both drugs were performed bilaterally in unrestrained rats over a period of 90 set in a volume of 1 &side. The injection cannulas (30 gauge stainless steel) descended 2 mm below the guide cannulas and were left in place for 60 set both before and after the administration period. Cocaine was injected in the nucleus accumbens at a dose of 50 &side. Its pH was adjusted to 7.2-7.4 with dilute NaOH before central administration. Morphine was injected in the VTA at a dose of 1 &side.
Corticosterone assay. Blood for corticosterone assay was collected in heparinized tubes. Plasma, obtained after centrifugation, was stored at -20°C until assay. Plasma corticosterone was measured by radioimmunoassay (RIA kit, ICN Biomedicals, Inc.) using a highly specific corticosterone antiserum with a detection threshold of 0.1 /~g/100 ml.
Procedures
Experiment 1: effect of adrenalectomy and corticosterone substitutive therapies on plasma corticosterone levels. Animals (n = 84) were submitted to sham operation, adrenalectomy, or one of the three replacement therapies. The following five groups were thus constituted: sham (n = 15) ADX (n = 17), diurnal levels (n = 17), nocturnal levels (n = 20), and circadian fluctuation (n = 15). Plasma corticosterone levels were determined 1 week after the start of these treatments. In order to determine both the diurnal and nocturnal corticosterone levels, half of the animals in each group were killed at 9 P.M., and the remaining half at 9 A.M. the following morning.
Experiment 2: effect of adrenalectomy and corticosterone substitutive therapies on locomotor response to systemic injection of cocaine or morphine. Animals (n = 101) were first submitted to sham operation, adrenalectomy, or one of the three replacement therapies. Five groups were thus constituted: sham (n = 24), ADX (n = 18), diurnal levels, (n = 19), nocturnal levels (n = 24), and circadian fluctuation (n = 16). One week after the start of these treatments, half of the animals in each group were tested for the locomotor response to cocaine, and the remaining half for the locomotor response to morphine. For this test, animals were placed in the circular corridor at 9 A.M. After a 2 hr period of habituation, all animals were injected subcutaneously with saline. Two hours later, the animals were injected with either cocaine or morphine. Locomotor activity was recorded for 2 hr after saline and cocaine and for 3 hr after morphine. Scores were recorded over 10 min intervals for animals receiving cocaine and over 30 min intervals for those receiving morphine.
Experiment 3: effect of adrenalectomy and corticosterone substitutive therapies on locomotor response to intraaccumbens injection of cocaine, et al. * Corticosterone and Psychomotor Effect of Cocai ne and Morphi ne Figure 1 . Effect of adrenalectomy and corticosterone replacement therapies on corticosterone plasma levels. In sham animals, corticosterone levels were higher in the dark period than in the light period. Corticosterone levels of the sham group in the light period were similar to those observed in the diurnal levels and circadian fluctuation groups killed at the same time. Corticosterone levels of the sham group in the dark period were similar to those of the circadian fluctuation and nocturnal levels groups killed at the same time. Adrenalectomized animals had lower corticosterone levels than all groups.
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Animals (n = 28) -were first implanted with guide cannulas above the nucleus accumbens. Ten days later, they were submitted to either sham operation, adrenalectomy, or a corticosterone replacement therapy. Three experimental groups were thus constituted: sham (n = lo), ADX (n = 9) and diurnal levels (n = 9). This substitutive therapy was chosen because the previous experiment revealed that corticosterone diurnal levels were sufficient to abolish the effect of adrenalectomy on the locomotor response to cocaine. One week later, the animals were tested on 2 d for the locomotor response to centrally injected vehicle and cocaine. The first day the animals were placed in the circular corridor at 10 A.M.; after a 2 hr period of habituation, they were injected with the vehicle solution and their locomotor response recorded for 2 hr over 10 min intervals. The second day the same procedure was repeated, but instead of receiving intraaccumbens vehicle, the animals were administered cocaine.
Experiment 4: effect of adrenalectomy and corticosterone substitutive therapies on locomotor response to intra-VTA injection of morphine. Animals (n = 20) were first implanted with guide cannulas aimed at the VTA. Ten days later they were submitted to either sham operation, adrenalectomy, or a corticosterone replacement therapy. Three experimental groups were thus constituted: sham (n = 7), ADX (n = 6), and circadian fluctuation (n = 7). This substitutive therapy was chosen because the experiment with systemic injection of morphine revealed that the complete circadian secretion was necessary to abolish the effects of adrenalectomy. One week later, the locomotor response to vehicle and morphine was determined by using the same procedure employed in the intraaccumbens cocaine experiment. Locomotor response to both substances was recorded for 3 hr over 30 min intervals.
Statistical analysis. Analysis of variance (ANOVA) was used to analyze plasma levels of corticosterone and activity scores. NewmanKeuls test was used for post hoc analysis.
For experiment 1, the ANOVA was performed considering the different hormonal manipulations as first between factor (treatment, five levels), and the time of the day at which the blood sample was withdrawn as second between factor (time of the day, two levels). Single pairwise comparisons between treatments served to determine group differences.
For experiment 2, data were initially submitted to an ANOVA, which considered the different hormonal manipulations as between factor (treatment, five levels) and the time after the injection of either saline or drugs as within factor (time, 12 levels for saline and cocaine when considering the locomotor response to cocaine, and four levels for saline and six for morphine when considering the locomotor response to morphine). Subsequently, in order to better define the role of the different corticosterone replacement therapies on the response to each drug, a bifactorial analysis was performed over the four groups that were adrenalectomized (ADX, diurnal levels, nocturnal levels, and circadian fluctuation). The presence or the absence of subcutaneous corticosterone light dark light dark light dark light dark TIME OF DAY pellet was the first between factor. The presence or the absence of corticosterone-enriched solution was the second between factor. Thus, the first factor (pellet) determined the influence ofthe diurnal corticosterone levels while the second (corticosterone-enriched solution) ascertained the influence of the nocturnal corticosterone levels.
For experiments 3 and 4, data were submitted to an ANOVA that considered the hormonal manipulations of each experiment as between factor (treatment, three levels), and the time after the injection of either the vehicle or the drug as within factor (time, 12 levels for vehicle and cocaine in experiment 3, and six levels for vehicle and morphine in experiment 4).
Results
Experiment I: effect of adrenalectomy and corticosterone substitutive therapies on corticosterone plasma levels Adrenalectomy and the different corticosterone replacement therapies significantly modified plasma corticosterone levels [treatment effect, F(4,74) = 7.5, p < 0.0011, and this effect was dependent on the time of day [treatment x time interaction, F(4,74) = 6.7, p < O.OOl] (Fig. 1) . In sham animals, corticosterone levels were higher during the dark period than the light phase [F( 1,13) = 10.1, p < 0.011. Adrenalectomy was able to constantly suppress endogenous corticosterone secretion. Corticosterone levels in ADX rats were lower than the minimal detection threshold of our assay (0.1 &I 00 ml of plasma) and did not differ between the light and dark period [F( 1,15) = 0.1, p > 0.81. Implantation of corticosterone pellets constantly mimicked diurnal levels of the hormone. Thus, in adrenalectomized animals submitted to this replacement therapy (diurnal levels group), plasma corticosterone levels did not change over the day [F( 1,15) = 0.7, p > 0.41 and did not differ from levels observed in sham rats during the light cycle [F( 1,13) = 1.5, p > 0.31, but were lower than levels observed in sham rats during the dark period (Fig. 2) . Suppression of basal corticosterone levels reduced locomotor response to cocaine. Thus, ADX rats exhibited lower activity scores compared to those registered in sham animals (p < 0.05). Reestablishment of the corticosterone diurnal levels suppressed the effects of adrenalectomy. Animals in the diurnal levels group showed a higher motor response to cocaine than the one observed in ADX animals (p < 0.05), but not from the one of sham rats. The reproduction of the nocturnal levels of corticosterone alone was not sufficient to restore the decrease in the response to cocaine induced by adrenalectomy. In fact, there was no difference between the locomotor response of animals in the nocturnal levels group and that of ADX ones. Reestablishment of the complete circadian fluctuation did not improve the restoration of the locomotor response to cocaine already obtained by providing the animals with the diurnal levels alone. Thus, animals of the circadian fluctuation group showed a higher response than the one observed in ADX animals (p c 0.05) but did not differ from either the sham or the diurnal levels groups. The dependence of the psychomotor effects of cocaine on the diurnal levels of corticosterone was confirmed by the bifactorial analysis that considered the effect of the different replacement therapies in the four adrenalectomized groups. This analysis revealed a significant effect of corticosterone pellet implantation [pellet effect, Figure 2 . Effect of adrenalectomy and corticosterone replacement therapies on the locomotor response to systemic injection of saline and cocaine. No differences between the experimental groups were observed on the response to saline, whereas suppression of corticosterone secretion by adrenalectomy (ADXgroup) decreased the response to cocaine. This effect was abolished by reconstructing either the diurnal corticosterone levels (diurnal levels group) or the entire corticosterone circadian cycle (circadian fluctuation group), but not by restoring the nocturnal levels (nocturnal levels group). ADX animals did not differ from the nocturnal levels group, but exhibited lower locomotor scores compared to those observed in sham, diurnal levels, and circadian fluctuation groups (*, p < 0.05). Furthermore, these last three groups did not differ in activity scores. (Fig. 3) . Suppression of corticosterone secretion reduced the stimulant effects of morphine. Thus, ADX animals showed lower activity scores than those displayed by sham rats (p < 0.0 1). Reproduction of either the diurnal levels or the nocturnal levels only partially reversed the effect of adrenalectomy. Thus, animals in both diurnal and nocturnal levels groups displayed a higher activity compared to the one of ADX rats (p < 0.05 in both cases), but still lower than the one observed in sham animals (p < 0.05 in both cases). Only the restoration of the entire corticosterone circadian secretion totally abolished the effects of adrenalectomy. Animals in the circadian fluctuation group showed a higher locomotor response to morphine compared to that of ADX rats (p -C 0.01) and did not differ from the one observed in sham animals. The bifactorial analysis confirmed that both diurnal and nocturnal levels were necessary in order to abolish the effects of adrenalectomy. A significant effect was detected for both factors [pellet effect, F( 1,34) = 10.8, p < 0.0 1; corticosterone-enriched solution effect, F( 1,34) = 9.8, p -C 0.011. Experiment 3: efect of adrenalectomy and corticosterone substitutive therapies on locomotor response to intraaccumbens injection of cocaine The results obtained by intraaccumbens cocaine injections reproduced those observed after the systemic injection of the drug. Neither adrenalectomy nor the corticosterone replacement therapy used in this experiment significantly modified the locomotor response to intraaccumbens vehicle injection [treatment effect, F(2,25) = 2.0, p > 0.11. In contrast, a significant effect of these treatments was observed on the locomotor response to cocaine [treatment effect, F(2,25) = 6.9, p < 0.011 (Fig. 4) . Suppression Figure 3 . Effect of adrenalectomy and corticosterone replacement therapies on the locomotor response to systemic injection of saline and morphine. The locomotor response to saline was not modified by the treatments; however, suppression of corticosterone secretion by adrenalectomy (ADX group) decreased the locomotor response to morphine. Only the reconstruction of the entire corticosterone cycle (circadian fluctuation group) was able to antagonize this effect completely. Accordingly, sham and circadian fluctuation animals expressed equivalent locomotor scores, and both these groups showed a higher response than ADX (p < 0.0 1 in both cases), diurnal levels (p < 0.05 in both cases), and nocturnal levels @ < 0.05 in both cases) animals. In the diurnal levels and nocturnal levels groups only a partial, but significant (p < 0.05 in both cases), recovery of the effects of adrenalectomy was observed. TIME (min) TIME (min) of corticosterone diminished the locomotor response to intraaccumbens cocaine. ADX animals showed activity scores lower than those of sham rats (p < 0.01). Furthermore, the restoration of the diurnal levels suppressed the effect of adrenalectomy. Animals in the diurnal levels group showed a higher locomotor response than that of ADX rats (p c 0.01) and did not differ from sham animals.
Experiment 4: efect of adrenalectomy and corticosterone substitutive therapies on locomotor response to intra-VTA injection of morphine effects on locomotor activity were, however, observed in response to intra-VTA morphine injection [treatment effect, F(2,17) = 14.2, p c O.OOl] (Fig. 5) . Again, ADX animals showed a lower locomotor response compared to the one observed in sham rats (p c O.OOl), and the reinstatement of the entire corticosterone circadian secretion reversed this effect. Thus, in animals of the circadian fluctuation group, the locomotor response to morphine was higher than the one observed in ADX rats (p < O.OOl), but equivalent to the one of sham animals.
Discussion
The results of this experiment reproduced the ones obtained after systemic administration of morphine. Neither adrenalectomy nor the replacement therapy used in this experiment significantly affected the locomotor response to intra-VTA vehicle injection [treatment effect, F(2,17) = 2.2, p > 0.11. Significant
Our results demonstrate that stimulant effects of cocaine and morphine depend on physiological basal levels of corticosterone and that this hormone facilitates the psychomotor properties of both drugs. Suppression of corticosterone by adrenalectomy reduced the locomotor response to the systemic or central injec- Figure 4 . Effect of adrenalectomy and restoration of diurnal corticosterone levels on the locomotor response to intraaccumbens vehicle and cocaine. Groups did not differ in the locomotor response to vehicle. Suppression of corticosterone levels by adrenalectomy (ADXgroup) reduced the locomotor response to cocaine and the reinstatement of basal diurnal levels of corticosterone reversed this effect. Thus, ADX animals exhibited lower activity scores than both sham (**, p < 0.01) and diurnal levels (**, p < 0.01) groups, and the latter two groups did not differ. tion of both cocaine and morphine. In contrast, corticosterone replacement therapies, mimicking physiological corticosterone secretion, totally reversed this effect. Psychomotor effects of morphine and cocaine were differentially influenced by the different phases of corticosterone circadian secretion. Cocaine effects were dependent only on basal diurnal levels. For this drug, the effect of adrenalectomy was not significantly affected by restoration of the nocturnal peak, but was totally reversed by the substitutive therapy mimicking the diurnal levels. In contrast, the stimulant effect of morphine depended on the entire circadian corticosterone secretion, since the effect of adrenalectomy was only partially reversed by the reinstatement of diurnal or nocturnal levels but totally reversed by the substitutive therapy restoring both diurnal and nocturnal levels of the hormone. This finding may explain the circadian variation in the intensity of certain behavioral effects of opioids. Higher effects in the dark than in the light period have been demonstrated for morphine-induced feeding (Bhakthavatsalam and Leibowitz, 1986 ) lethal effects of morphine (Campos et al., 1983) , and naloxone reversible pain sensitivity (MC Givem and Bemston, 1980) . These results highlight the important and different physiological roles of the phases of corticosterone circadian fluctuation. This aspect, often neglected, of glucocorticoid physiology may be crucial for the understanding of the functional effects of glucocorticoids on the CNS.
The effects of corticosterone on the locomotor response to cocaine and morphine appear to be mediated by changes in the reactivity of DA mesencephalic neurons to these drugs. Thus, the influence of adrenalectomy and corticosterone replacement therapies on the stimulant effects of cocaine and morphine was comparable when the drugs were injected systemically or centrally, in the nucleus accumbens for cocaine and in the VTA for morphine. Several studies have shown that motor activation induced by administration of cocaine in the accumbens (Delfs et al., 1990) or of morphine in the VTA (Joyce and Iversen, 1979; Vezina and Stewart, 1984) depends on the activation of DA A10 neurons projecting to the nucleus accumbens.
The dependency on corticosterone of dopamine-mediated psychomotor effects of cocaine and morphine supports previous Figure 5 . Effect of adrenalectomy and reconstruction of the entire corticosterone fluctuation on the locomotor response to intra-VTA vehicle and morphine. Groups did not differ in the locomotor response to vehicle. Suppression of corticosterone levels by adrenalectomy (ADX group) reduced the locomotor response to morphine and the reinstatement of the entire circadian secretion of corticosterone reversed this effect. Thus, ADX animals exhibited lower activity scores than both sham (p < 0.001) and circadian fluctuation groups (p < 0.00 l), whereas the latter two groups did not differ.
works suggesting that endogenous corticosterone secretion may be involved in the predisposition to drug abuse. Mesencephalic DA neurons are considered an important substrate of drugreinforcing effects (Fibiger and Phillips, 1988; Koob and Bloom, 1988; Wise and Rompre, 1989 ; Le Moal and Simon, 199 1) and a higher sensitivity to the stimulant effects of drugs has been associated with an increased vulnerability to their reinforcing properties (Piazza et al., 1989; Wise and Bozarth, 1989) . Furthermore, the higher sensitivity to the reinforcing and stimulant effects of psychostimulants, spontaneously present in certain individuals or induced by stress in others, is positively correlated with a long-lasting corticosterone secretion in response to stress (Piazza et al., 199 1 a, b) . Finally, corticosterone injection to subjects spontaneously resistant to develop amphetamine self-administration increases their propensity to acquire this behavior (Piazza et al., 1991a) .
Although the effects of corticosterone on cocaine and morphine involve dopamine, the different sensitivity of the two drugs to the circadian variation of the hormone indicates the existence of different primary mechanisms of action. Two principal hypotheses may be drawn. First, different types of central corticosteroid receptors may be involved: type I receptors, which are almost totally saturated by diurnal levels of corticosterone (Reul and De Kloet, 1985; Reul et al., 1987) may mediate the effects of the hormone on cocaine; type II receptors, which are fully occupied only during the nocturnal peak (Reul and De Kloet, 1985; Reul et al., 1987) may be the substrate of the effects of corticosterone on morphine. Second, different neural substrates may be involved. The primary site of action of cocaine and morphine is, in fact, different. Cocaine is an indirect dopamine agonist that principally blocks dopamine reuptake (Reith et al., 1980; Ritz et al., 1987) and exercises its stimulant effect by acting on DA terminals, but not cell bodies. Conversely, morphine activation of DA neurons occurs in the VTA and results from the release of DA cells from an inhibitory GABA input (for review, see Kalivas and Stewart, 199 1) . This hypothesis is supported by the fact that corticosterone can act on both DA and opioid transmission. DA neurons have corticosteroid receptors (HPrfstrand et al., 1986) and DA activity seems to be increased by glucocorticoid hormones (Rothschild et al., 1985; Mittleman et al., 1992) . Proenkephalin mRNA in the striatum is decreased by adrenalectomy (Chao and McEwen, 1990) , and the effects of enkephalin on hippocampal slices are potentiated by corticosterone (Vidal et al., 1986) . The action of corticosterone on the psychomotor effects of drugs may also involve other neurotransmitters, such as GABA, 5-HT, and excitatory amino acids. All these neurotransmitters can modulate dopamine-mediated responses to opioids and psychostimulants (Scheel-Kriiger et al., 1981; Kalivas et al., 1989; Kelland et al., 1990; Pulvirenti et al., 199 l) , and are influenced by corticosterone.
Glucocorticoids have been reported to modify the binding capacity of 5-HT receptors (Biegon et al., 1985; De Kloet et al., 1986; Martire et al., 1989) and GABA receptors (Majewska et al., 1986; Majewska, 1987 , Sutanto et al., 1989 and to potentiate glutamatergic transmission (Tischler et al., 1988; Sapolsky, 1990) .
In conclusion, our results indicate that physiological cor-ticosterone secretion facilitates dopamine-mediated stimulant effects of both cocaine and morphine. Since, for these drugs, the stimulant effects and the activation of DA mesencephalic neurons are closely related to their reinforcing properties Pulvirenti et al., 1991) , our data support the hypothesis that an interaction between corticosterone and dopamine may b: a pathophysiological mechanism underlying vulnerability to drug intake. Consequently, the understanding of the mechanisms by which these two biological systems interact may open new insights for the development of future therapeutic strategies of addiction.
